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ABSTRACT
We present a systematic analysis of the phase lags associated with the type-C QPOs in GRS
1915+105 using RXTE data. Our sample comprises of 620 RXTE observations with type-C
QPOs ranging from ∼ 0.4 Hz to ∼ 6.3 Hz. Based on our analysis, we confirm that the QPO
phase lags decrease with QPO frequency, and change sign from positive to negative at a QPO
frequency of ∼ 2Hz. In addition, we find that the slope of this relation is significantly different
between QPOs below and above 2 Hz. The relation between the QPO lags and QPO rms can
be well fitted with a broken line: as the QPO lags go from negative to positive, the QPO rms
first increases, reaching its maximum at around zero lag, and then decreases. The phase-lag
behaviour of the subharmonic of the QPO is similar to that of the QPO fundamental, where
the subharmonic lags decrease with subharmonic frequency and change sign from positive to
negative at a subharmonic frequency of ∼ 1 Hz; on the contrary, the second harmonic of the
QPO shows a quite different phase-lag behaviour, where all the second harmonics show hard
lags that remain more or less constant. For both the QPO and its (sub)harmonics, the slope of
the lag-energy spectra shows a similar evolution with frequency as the average phase lags. This
suggests that the lag-energy spectra drives the average phase lags. We discuss the possibility
for the change in lag sign, and the physical origin of the QPO lags.
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1 INTRODUCTION
Fast X-ray variability is an important characteristic of black hole
binaries (BHBs), and a key to understand the physical processes
related to accretion in these systems. Power density spectra (PDS)
is a commonly used tool to study these variability (van der Klis
1989). In a PDS of BHBs, the most prominent feature is one or more
narrow peaks, which are known as quasi-periodic oscillation (QPO;
see van der Klis 2006). As these QPOs are thought to arise from the
innermost regions of the accretion flow, they can be used to probe
the effect of General Relativity around black holes (e.g. Belloni
2019). Based on the frequency range, QPOs in BHBs are normally
divided into two groups: low-frequency QPOs with frequencies
ranging from a fewmHz to∼ 30Hz, and high-frequency QPOswith
? E-mail: liang.zhang@soton.ac.uk
frequencies up to ∼ 500 Hz (see Motta 2016 for a recent review).
Low-frequency QPOs have been observed in almost all the transient
BHBs (e.g. Miyamoto et al. 1991; Takizawa et al. 1997; Méndez
et al. 1998; Tomsick & Kaaret 2000; Kalemci et al. 2003; Casella
et al. 2004; Homan et al. 2005; Yadav et al. 2016; Huang et al. 2018;
Xu et al. 2019), and can be further classified into three categories,
dubbed type-A, -B, and -C, based on differences in PDS shape and
phase-lag behaviour (Wijnands et al. 1999; Remillard et al. 2002;
Casella et al. 2005). In contrast, only nine sources show a handful of
high-frequency QPOs (e.g. Morgan et al. 1997; Miller et al. 2001;
Strohmayer 2001; Homan et al. 2003; Altamirano & Belloni 2012;
Belloni et al. 2012; Méndez et al. 2013). In this paper, we will focus
our analysis on the so-called type-C QPOs. A similar analysis of
type-B QPOs will be presented in a separate work. Type-A QPOs
are not considered due to the small number of detections.
Type-C QPOs are the most common type of QPOs in BHBs;
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these QPOs show in the PDS as a strong, narrow peak with variable
frequency, superposed on a flat-top broad-band noise component.
A subharmonic and a second harmonic peak are often present in
the PDS (e.g. Casella et al. 2005). Although a number of models
have been proposed to explain type-C QPOs, their physical origin
is still under debate. These models either consider instabilities in
the accretion flow (e.g. Tagger & Pellat 1999; Cabanac et al. 2010),
or geometrical effects, such as Lense-Thirring precession (Stella &
Vietri 1998; Schnittman et al. 2006; Ingram et al. 2009). Recently,
Heil et al. (2015) and Motta et al. (2015) found evidence that the
amplitude of the type-C QPOs depends on the inclination of the
accretion disc with respect to the line of sight, consistent with the
prediction in the precessing ring model proposed by Schnittman
et al. (2006). In addition, the iron line equivalent width (Ingram
& van der Klis 2015), centroid energy (Ingram et al. 2016), and
the reflection fraction (Ingram et al. 2017) have been found to be
modulatedwithQPOphase. This can be interpreted as the inner flow
illuminating different azimuths of the accretion disc as it precesses,
causing the iron line to rock between red- and blue-shift. All of
these results suggest a geometric origin of the type-C QPOs, with
Lense-Thirring precession being themost promisingmodel (Ingram
et al. 2009).
Phase/time lag between different energy bands is another pow-
erful tool to study fast X-ray variability. Recently, van den Eijnden
et al. (2017) found that the phase lags at the type-C QPO fre-
quency also depend on inclination: at low frequencies, all sources
except GRS 1915+105 tend to show zero phase lags; at high fre-
quencies, low-inclination (face-on) sources display hard lags, while
high-inclination sources (edge-on) display soft lags. Such an incli-
nation dependent phase-lag behaviour also points to a geometric
QPO origin. The relation between the QPO phase lags and the QPO
frequency is found to differ between sources (van den Eijnden et al.
2017). Zhang et al. (2017) studied this relation in GX 339−4 in de-
tail. The clear break found in the phase-lags vs. frequency relation
at around 2 Hz suggests that different mechanisms may be respon-
sible for the QPO lags at different phases of the outburst. Another
interesting result related to phase-lag behaviour is that the QPO
fundamental and its (sub)harmonics exhibit lags of different signs.
In general, the second harmonic always shows a hard lag, while the
subharmonic usually shows a soft lag (Casella et al. 2005; van den
Eijnden et al. 2017).
GRS 1915+105 has been active since its discovery in 1992
(Castro-Tirado et al. 1992) and has become one of the best stud-
ied Galactic BHBs. The source shows complex timing and spectral
properties that are quite different from other BHBs (except for IGR
J17091−3624, Altamirano et al. 2011). The X-ray variability can
be classified into approximately 14 separate classes, based on the
properties of its light curves and colour-colour diagrams (Belloni
et al. 2000; Klein-Wolt et al. 2002). Each of these variability pat-
terns can be further reduced to transitions between three basic states
(Belloni et al. 2000): a hard state, and two soft states with differ-
ent luminosities. Many instances of type-C QPOs with frequencies
ranging from 0.1 Hz to 10 Hz have been observed in the hard state
(e.g. Morgan et al. 1997; Reig et al. 2000; Qu et al. 2010; Pahari
et al. 2013; Yadav et al. 2016). The observed hard rms spectra of
these QPOs indicate a possible origin of the QPOs in the corona
(Yan et al. 2013). The QPO frequency is found to be energy depen-
dent (Qu et al. 2010; Yan et al. 2012), which can be interpreted as
the result of differential precession of the hot inner flow (van den
Eijnden et al. 2017).
The phase lags of the type-C QPOs in GRS 1915+105 have
been studied by several previous work, such as Reig et al. (2000),
Qu et al. (2010), Pahari et al. (2013), and van den Eijnden et al.
(2016). The system exhibits a very complex phase-lag behaviour: as
QPO frequency increases, the phase lags at the frequencies of the
QPO decrease and change sign from positive to negative at around
2 Hz (Reig et al. 2000; Qu et al. 2010; Pahari et al. 2013). The QPO
lags also show energy dependence, and sometimes a break at 6 − 7
keV is present in the lag-energy spectra (Pahari et al. 2013). For the
second harmonic, Reig et al. (2000) reported that the lags change
sign from positive to negative at around 4 Hz. But Pahari et al.
(2013) found that the second-harmonic lags are always positive,
and remain roughly constant. There are no previous studies on the
evolution of the subharmonic lags so far.
It is worth noting that all the results above related to phase lags
in GRS 1915+105 are based on a small sample of observations. For
example, Reig et al. (2000) and Qu et al. (2010) used 43 and 19
RXTE observation intervals, respectively, to study the frequency-
and energy-dependent type-C QPO phase lags. Pahari et al. (2013)
used 12 RXTE observations to study the difference between the
lags in the radio-loud (plateau) state and the radio-quiet state. Thus,
some of the previous results might not be representative, such as
the evolution of the (sub)harmonic lags, and the properties of their
energy dependence. Furthermore, the mechanism producing these
lags is still not fully understood. Therefore, in this paper, we present
a systematic analysis of the phase lags associated with the type-C
QPOs in GRS 1915+105 using RXTE data. We measured the phase
lags at the frequencies of the QPO and its (sub)harmonics, and
studied in detail their dependence on frequency and photon energy.
We describe our sample and data analysis methods in Section 2. We
present our results in Section 3 and discuss them in Section 4.
2 OBSERVATIONS AND DATA ANALYSIS
We examined all the RXTE archival observations (1800+) of GRS
1915+105 spanning from 1996 to 2012. For the timing analysis,
we used the software GHATS version 1.1.1 under IDL1. Binned,
event and GoodXenon data modes were used. For each observation,
we computed an averaged PDS in the full energy band (absolute
PCA channel 0 − 249) using 128 s long intervals and 1/128 s time
resolution, corresponding to a Nyquist frequency of 64 Hz. The
PDS were normalized according to Leahy et al. (1983), and the
contribution due to Poisson noise was subtracted (Zhang et al. 1995)
in GHATS. A logarithmic rebin was applied to the PDS, while the
size of a bin increases by exp(1/100) with respect to the size of the
previous one.
For our analysis we selected only observations where at least
one narrowQPO peak is present on top of the broadband noise com-
ponent in the PDS, which is typical for the type-C QPOs. Following
Belloni et al. (2002), we fitted these PDS with a sum of Lorentzian
functions using XSPEC version 12.9. Based on the fitting results,
we excluded features with a significance2 of less than 3σ or aQ fac-
tor3 of less than 2. We further excluded ∼ 90 observations in which
the QPO frequency changes significantly with source intensity by
1 GHATS, http://www.brera.inaf.it/utenti/belloni/GHATS_
Package/Home.html
2 The significance of QPOs is given as the ratio of the integral of the power
of the Lorentzian used to fit the QPO divided by the negative 1σ error on
the integral of the power.
3 Q = ν0/FWHM, where ν0 is the centroid frequency of the Lorentzian
component and FWHM is its full width at half maximum.
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Figure 1. The distribution of the centroid frequency, quality factor, frac-
tional rms amplitude in the full PCA band, and average phase lag between
photons in the 2–5.7 keV and 5.7-15 keV bands for the type-C QPOs in GRS
1915+105.
checking the dynamical power spectra. Our final sample includes a
total of 620 observations.
Following the method described in Vaughan & Nowak (1997)
and Nowak et al. (1999), we produced a frequency-dependent phase
lag spectrum (lag-frequency spectra) between the 2 − 5.7 keV and
5.7 − 15 keV energy bands for each observation. Our final sample
includes observations during the PCA instrument Epochs 3 − 5. To
account for changes in the PCAgain4, we selected the absolute chan-
nels most approximately matching these energy bands, but the exact
energy bands still differ slightly between Epochs. To calculate the
phase lags at the frequencies of the QPO and its (sub)harmonics,
we averaged the phase lags over the width of each Fourier com-
ponent, around its centroid frequency, ν0 ± FWHM/2. Note that
the calculated phase lags at the frequencies of the QPO and its
(sub)harmonics are affected by the lags of the broad-band noise
component. However, van den Eijnden et al. (2016) have shown
that in GRS 1915+105, the phase lags at the frequency of the QPO
are dominated by the QPO itself and the contribution of the noise
component is negligible. In this work, a positive lag means that the
hard photons lag the soft photons. No correction for the dead-time
driven cross-talk effect (van der Klis et al. 1987) was done because
this effect was found to be negligible.
We also calculated the energy-dependent phase lags for both
the QPO and its (sub)harmonics (lag-energy spectra), following the
procedure described in Uttley et al. (2014). The phase lags were
calculated for the energy bands approximately 4− 6 keV, 6− 8 keV,
8−11 keV, 11−15 keV, 15−21 keV, and 21−44 keV, with reference
to the softest band, 2 − 4 keV. In 18 of the 620 observations, it
was not possible to carry out the energy-dependent analysis due to
the format of the binned data. Because of the small amplitudes of
the (sub)harmonics compared to the fundamental, at high energies,
their phase lags show large uncertainties. Therefore, in these cases,
we ignore the data above 20 keV.
Finally, we calculated the fractional rms in the full PCA band
4 See https://heasarc.gsfc.nasa.gov/docs/xte/e-c_table.
html
Table 1. Properties of the type-C QPO fundamental and its (sub)harmonics
in GRS 1915+105.
Property Fundamental Second Harmonic Subharmonic
Frequency (Hz) ∼ 0.4 − 6.3 ∼ 0.9 − 9.0 ∼ 0.6 − 2.1
Ratioa - 1.86 − 2.07 0.43 − 0.54
Q (ν0/FWHM) 4 − 37 3 − 30 2 − 10
rmsb (%) 3.6 − 16.2 1.6 − 8.2 2.6 − 7.6
a The frequency ratio between the (sub)harmonic and the fundamental.
b The fractional rms amplitude was calculated over the full RXTE band.
for the QPO and its (sub)harmonics. We also calculated the energy-
dependent fractional rms of the QPO (QPO rms spectra). For this
purpose, we calculated the QPO fractional rms in the 2 − 6 keV,
6 − 8 keV, 8 − 11 keV, 11 − 15 keV, 15 − 21 keV, and 21 − 44 keV
energy bands.
3 RESULTS
Fig. 2 shows 9 representative examples of power and lag-frequency
spectra for observations with different QPO frequencies. The power
spectra were calculated for the full PCA band, while the phase lags
were computed between the 2−5.7 keV and 5.7−15 keV bands5. In
all cases a strong (up to ∼ 16% fractional rms), narrow (Q ∼ 4−37)
QPO is present in the PDS, together with a band-limited noise
component. In Tab. 1 we summarise the main properties of those
QPOs in our sample. In Fig. 1 we show the histogram of the main
properties of those QPOs. The QPO frequency ranges from ∼ 0.4
Hz to ∼ 6.3 Hz with a peak in the distribution at ∼ 2.2 Hz. The
majority of the QPOs have a Q factor of ∼ 5 − 15, with a peak of
the distribution at Q ∼ 10, and in some cases the Q factor of the
QPO can reach up to Q ∼ 30. The fractional rms amplitude of the
QPO in the full PCA band ranges from ∼ 3% to ∼ 17%, with a peak
of the distribution at ∼ 12%. The average phase lags at the QPO
fundamental between 2–5.7 keV and 5.7–15 keV bands ranges from
∼ −0.4 rad to ∼ 0.4 rad, with a peak of the distribution at ∼ 0 rad.
In 471 cases the QPO shows a clear second harmonic and in 141
cases the QPO shows a subharmonic. In all cases, if a subharmonic
is present in the PDS, a second-harmonic is always observed. The
second-harmonic and subharmonic frequencies are consistent with
being two times and half that of the QPO fundamental, respectively.
Their fractional amplitudes are significantly smaller than that of the
QPO fundamental.
From the lag-frequency spectra, we find clear difference be-
tween QPOs below and above ∼ 2 Hz. When the QPO frequency is
above ∼ 2 Hz, a dip-like feature centered on the QPO frequency is
always present in the lag-frequency spectra. In addition, if a second
harmonic is present, a peak-like feature is visible as well near the
second-harmonic frequency. However, when the QPO frequency is
below ∼ 2 Hz, no such features are apparent, and the lag-frequency
spectra are roughly flat at low frequencies.
3.1 QPO Fundamental Lags
In Fig. 3, we plot the average phase lags at the fundamental of the
type-C QPO (hereafter QPO average lags) in GRS 1915+105 as
5 Throughout this paper, the phase lags between the 2−5.7 keV and 5.7−15
keV bands will be referred to as “average phase lags”.
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Figure 2. Examples of power and lag-frequency spectra for nine observations of GRS 1915+105 with the type-C QPOs at different centroid frequencies. The
power spectra were calculated for the full PCA band, while the phase lags were computed between the 2 − 5.7 keV and 5.7 − 15 keV bands. A positive lag
means that hard photons lag the soft ones. All these observations are from PCA Epoch 5. Observation ID and QPO fundamental frequency are shown in the
top left corner of each panel. The vertical, dashed and dotted lines indicate the ranges over which the QPO fundamental, second-harmonic and subharmonic
lags are averaged (ν0 ± FWHM/2), respectively.
a function of the centroid frequency of the QPO (hereafter QPO
frequency). As previously shown by Reig et al. (2000), Qu et al.
(2010) and Pahari et al. (2013), it is apparent in the figure that
the QPO average lags decrease with QPO frequency, changing sign
from positive to negative at a QPO frequency of around 2 Hz. In
addition, we notice that the slope of the correlation is different when
the QPO frequency is below or above∼ 2Hz. The break was already
seen in the Fig. 3 of Reig et al. (2000), although they did not mention
it in their paper. To check whether there is a significant change in
the slope, we rebinned the data in Fig. 3 and fitted them both with
a broken line and a straight line. We compared the fits using an
F-test, and find that the broken-line fit is better than the straight-
line fit at a confidence level of > 5σ. The break obtained from
the broken-line fit is at νQPO = 1.80 ± 0.11 Hz. The slope below
MNRAS 000, 1–12 (2020)
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Figure 3. Average phase lags as a function of the QPO frequency for the fundamental of the type-C QPO in GRS 1915+105. The solid lines indicate the
best-fitting broken line to the binned data. The dashed lines are the continuation of the broken line, drawn for comparison with the data in those parts of the
plot.
the break is −0.21 ± 0.02, and above the break is −0.10 ± 0.01.
The frequencies at which the QPO average lags reach zero are
1.99±0.08Hz and 2.20±0.18Hz for the lines below and above the
break, respectively. It is important to mention that the scatter above
∼ 2Hz is significantly larger than that below ∼ 2Hz, and it is larger
than the statistical fluctuation expected from the error bars.
In Fig. 4, we show representative QPO lag-energy spectra for
observations with different QPO frequencies. We find that for the
QPOs with centroid frequencies below ∼ 2 Hz, the QPO lags are
always positive and increase monotonically with energy, for the
QPOs with centroid frequencies around 2 Hz, the QPO lags are
nearly zero in all energy bands, while for the QPOs with centroid
frequencies above ∼ 2 Hz, the QPO lags are always negative and
decrease monotonically with energy. Pahari et al. (2013) and van
den Eijnden et al. (2017) found broad features in theQPO lag-energy
spectra of several observations around an energy of 6−7 keV, which
might be related to reflection. Because here we used a relatively low
energy resolution for the lag-energy spectra, such features are not
obvious in our results.
For each observation, we fitted the lag-energy spectra with
the function ∆φ(E) = αlogE/Eref , where Eref is the energy of the
reference band. As shown in Fig. 5, the slope of the lag-energy
spectra, α, shows a similar evolution with QPO frequency as the
QPO average lags. The slope also decreases with QPO frequency,
and changes sign from positive to negative at around 2 Hz. In
addition, we also observe a clear break in this relation at ∼ 2 Hz.
Again, we fitted the data in Fig. 5 both with a broken and a straight
line. An F-test indicates that the broken-line fit is better than the
straight-line fit at a confidence level of > 5σ. The break obtained
from the best fit is at νQPO = 1.72 ± 0.10 Hz. The slope below the
break is −0.52 ± 0.03, and above the break is −0.26 ± 0.01.
In Fig. 6 we show the QPO fractional rms in the full PCA
band as a function of the QPO frequency. The evolution of the QPO
fractional rms is similar to that reported by Yan et al. (2013): the
QPO fractional rms first increases with QPO frequency and then
decreases, reaching its maximum at a QPO frequency of ∼ 2 Hz.
In Fig. 7 we show several examples of the QPO rms spectra. In all
cases the QPO rms spectra are hard: the QPO rms first increases
at low energies, and then turns to flat or slightly decreases above
∼ 12 keV. Such kind of QPO rms spectra has been observed in many
other BHBs, such as XTE J1550–564 (Rodriguez et al. 2004), GS
1124–68 (Belloni et al. 1997), GX 339–4 (Zhang et al. 2017), and
(Huang et al. 2018).
From Fig. 3 and 6, it is apparent that the behaviours of both the
QPO average lags and the QPO fractional rms change significantly
at ∼ 2 Hz. In Fig. 8, we plot the QPO fractional rms as a function
of the QPO average lags. As one can see from this figure, the
QPO fractional rms first increases as the QPO average lags go from
negative to zero, reaching its maximum at around zero lag, and then
the QPO fractional rms decreases as the QPO average lags increase
further. We rebinned the data and fitted them with a broken line.
The break obtained from the fit is at ∆φ = 0.015 ± 0.008 rad. This
confirms our previous result that the behaviour of the QPO average
lags changes at around zero lag.
3.2 Subharmonic Lags
In Fig. 9, we show the average phase lags at the frequency of the
subharmonic of the type-C QPO (hereafter subharmonic average
MNRAS 000, 1–12 (2020)
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Figure 4. Representative examples of the lag-energy spectra for the fundamental of the type-C QPO in GRS 1915+105. The observations we show here are the
same ones as in Fig. 2. Observation ID and QPO frequency are listed in each panel. The reference energy band is indicated with zero phase lag.
1 2 3 4 5 6
QPO Frequency (H )
−1.0
−0.5
0.0
0.5
1.0
Sl
op
e
Epoch 5
Epoch 4
Epoch 3
Binned
Figure 5. Slope of the QPO lag-energy spectra for the fundamental of the
type-C QPO in GRS 1915+105. The solid lines indicate the best-fitting
broken line to the binned data. The dashed lines are the continuation of the
broken line, drawn for comparison with the data in those parts of the plot.
lags) inGRS 1915+105 as a function of the centroid frequency of the
subharmonic of the QPO (hereafter subharmonic frequency). The
behaviour of the subharmonic average lags is very similar to that of
the QPO average lags. The subharmonic average lags decrease with
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Figure 6.QPO fractional rms in the full PCA band as a function of the QPO
frequency for the fundamental of the type-C QPO in GRS 1915+105.
subharmonic frequency, changing sign from positive to negative at
a subharmonic frequency of ∼ 1Hz. It is not clear whether there is a
break in this relation due to the sparsity of data below 1 Hz.We then
rebinned the data in Fig. 9 and fitted them with a straight line. The
slope obtained from the fit is −0.16± 0.02, which is in between the
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Figure 8. QPO fractional rms in the full PCA band as a function of the
average phase lags at the fundamental of the type-C QPO in GRS 1915+105.
The phase lags were calculated in the same bands as in Fig. 2. The solid
lines are the best-fitting broken line to the binned data.
slope below and above the break in Fig. 3. The frequency at which
the subharmonic average lags reach zero is 1.05± 0.19 Hz obtained
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Figure 9. Average phase lags at the subharmonic frequency of the type-C
QPO in GRS 1915+105 as a function of the subharmonic frequency. The
phase lags were calculated in the same bands as in Fig. 2. The dashed line
is the best-fitting straight line to the binned data.
from the fit, which is consistent with being half of the frequency at
which the QPO average lags change sign within error.
In Fig. 10, we show the subharmonic average lags as a function
of the QPO average lags for the type-C QPOs with a subharmonic.
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Figure 10. Subharmonic average lags as a function of the QPO average
lags for the type-C QPOs with a subharmonic in GRS 1915+105. The phase
lags were calculated in the same bands as in Fig. 2. The dashed line is the
best-fitting straight line to the binned data.
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Figure 11. Examples of the lag-energy spectra for the subharmonic of the
type-CQPO in GRS 1915+105. Observation ID and subharmonic frequency
are listed in each panel.
As we can expect from Fig. 3 and 9, the subharmonic average
lags generally increase with the QPO average lags. A possible break
seems to exist at QPO average lags ∼ 0 rad in Fig. 10. To test this we
rebinned the data and fitted them both with a broken and a straight
line. We found that the broken-line fit is marginally better than the
straight-line fit, at a confidence level of< 3σ. The slope (0.69±0.07)
and intercept (−0.013 ± 0.006) obtained from the straight-line fit
are not consistent with being 0.5 and 0 within errors. This means
that the amplitude of the subharmonic average lags is not exactly
half that of the QPO average lags.
In Fig. 11 we show four representative examples of the lag-
energy spectra for the subharmonic.We find that, similar to the QPO
fundamental, when the subharmonic frequency is below ∼ 1Hz, the
subharmonic lags slightly increase with energy, when the subhar-
monic frequency is around ∼ 1 Hz, the subharmonic lags are nearly
zero in all energy bands, while when the subharmonic frequency is
above ∼ 1 Hz, the subharmonic lags decrease monotonically with
energy. We fitted the lag-energy spectra of the subharmonic with
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Figure 12. Slope of the lag-energy spectra for the subharmonic of the type-C
QPO in GRS 1915+105. The dashed line is the best-fitting straight line to
the binned data.
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Figure 13. Fractional rms in the full PCA band as a function of the average
phase lags for the subharmonic of the type-C QPO in GRS 1915+105.
the same function that we used for the QPO fundamental. As is
apparent in Fig. 12, the slope also decreases with subharmonic fre-
quency, and changes sign at a subharmonic frequency of ∼ 1 Hz.
The slope obtained from the fit is −0.22 ± 0.02.
In Fig. 13 we show the fractional rms in the full PCA band of
the subharmonic of the QPO (hereafter subharmonic fractional rms)
as a function of the subharmonic average lags. No clear correlation
is apparent as the one we found in the QPO fractional rms and QPO
average lags relation (Fig. 8).
3.3 Second-harmonic Lags
In Fig. 14 we show the average phase lags at the frequency of the
second harmonic of the type-CQPO (hereafter second-harmonic av-
erage lags) inGRS 1915+105 as a function of the centroid frequency
of the second harmonic of the QPO (hereafter second-harmonic fre-
quency). Compared to the QPO fundamental and subharmonic, the
phase-lag behaviour at the frequency of the second harmonic is
quite different: almost all the second harmonics show a positive lag,
and the second-harmonic average lags remain more or less constant
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Figure 14.Average phase lags at the second-harmonic frequency of the type-
C QPO in GRS 1915+105 as a function of the second-harmonic frequency.
The phase lags were calculated in the same bands as in Fig. 2. The dashed
line is the best-fitting straight line to the binned data.
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Figure 15. Examples of the lag-energy spectra for the second harmonic of
the type-C QPO in GRS 1915+105. Observation ID and second-harmonic
frequency are listed in each panel.
at ∆φ ∼ 0.15 rad. No changing sign from positive to negative is
observed. We rebinned the data in Fig. 14 and fitted them with a
straight line. The slope obtained from the fit is −0.004±0.002. Note
that the scatter of the second-harmonic lags is very large, especially
at high frequencies.
In Fig. 15 we show four examples of the lag-energy spectra for
the second harmonic. We find that the second-harmonic lags always
increasemonotonicallywith energy.Wefitted the lag-energy spectra
of the second harmonic with the same function that we used for the
QPO fundamental and subharmonic. The slope as a function of
the second-harmonic frequency is shown in Fig. 16. Although the
scatter of the slope is very large, it is apparent that the evolution of
the slope with second-harmonic frequency is similar to that of the
second-harmonic average lags. We also fitted the rebinned data in
Fig. 16 with a straight line, and the slope obtained from the fit is
−0.006 ± 0.002.
In Fig. 17 we show the fractional rms in the full PCA band
of the second harmonic of the QPO (hereafter second-harmonic
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Figure 16. Slope of the lag-energy spectra for the second harmonic of the
type-C QPO in GRS 1915+105. The dashed line is the best-fitting straight
line to the binned data.
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Figure 17. Fractional rms in the full PCA band as a function of the average
phase lags for the second harmonic of the type-C QPO in GRS 1915+105.
fractional rms) as a function of the second-harmonic average lags.
Similar to the subharmonic, no clear correlation is found in the
second-harmonic fractional rms and second-harmonic average lags
relation.
4 DISCUSSION
We present the first systematic analysis of the phase lags associated
with the type-C QPOs in GRS 1915+105, based on the largest QPO
sample of this source to date. Our sample comprises of 620 RXTE
observations with type-C QPO, with a frequency ranging from 0.4
Hz to 6.3 Hz. We found that:
(i) the relation between the QPO fractional rms and the QPO
average lags can be well fitted with a broken line (Fig. 8);
(ii) the phase-lag behaviour of the subhamonic of the QPO is
quite similar to that of the QPO fundamental; on the contrary, the
second harmonic of the QPO show a very different phase-lag be-
haviour;
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(iii) for both the QPO fundamental and its (sub)harmonics, the
slope of the lag-energy spectra shows a similar evolution with fre-
quency as the average phase lags;
(iv) we confirm that the QPO average lags decrease with QPO
frequency, and change sign from positive to negative at around 2
Hz (Reig et al. 2000; Qu et al. 2010; Pahari et al. 2013).
(v) we find that the slope of the relation between theQPO average
lags and the QPO frequency (Fig. 3) is significantly different when
the QPO frequency is below or above ∼ 2 Hz;
We discuss each of these findings below.
4.1 QPO Fundamental lags
Based on a systematic analysis of 15 Galactic BHBs, van den
Eijnden et al. (2017) found that, at high QPO frequencies (> 2
Hz) high-inclination sources generally show soft QPO lags, while
low-inclination sources show hard QPO lags. As a high-inclination
source (Mirabel & Rodríguez 1994), GRS 1915+105 is consistent
with other high-inclination sources that exhibit soft QPO lags when
the QPO frequency is above 2 Hz. However, at low fundamental
frequencies (< 2 Hz) all other sources tend to show zero QPO
lags, whereas GRS 1915+105 shows hard QPO lags that increase
in magnitude towards low QPO frequencies. This unique QPO lag
behaviour, especially the change in lag sign, makes GRS 1915+105
an interesting source to study the origin of the QPO lags. In our anal-
ysis, we noticed a significant break in the relation between the QPO
average lags and the QPO frequency (Fig. 3). The break frequency
is consistent with the frequency at which the QPO average lags
change sign. This supports scenarios in which something related
to the accretion process changes as the lags change sign. Presently,
the most promising model for type-C QPOs is the Lense-Thirring
precession of the entire hot inner flow proposed by Ingram et al.
(2009). In this model, the outer radius of the inner flow, r0, is set by
the truncation radius of the accretion disk; the inner radius, ri, is set
by the radius of the warps due to the misalignment between black
hole spin and inner flow. Miller et al. (2013) estimated the black
hole spin as a∗ = 0.98 ± 0.01, and Reid et al. (2014) measured the
mass of the black hole of 12.4+2.0−1.8 M for GRS 1915+105. Taking
these values, we estimated r0 ∼ 16 Rg and ri ∼ 10 Rg for a 2 Hz
QPO6 according to equation (2) and (3) of Ingram et al. (2009).
Several models have been proposed to explain the change in
lag sign. For instance, Nobili et al. (2000) presented a thermal
Comptonisation model based on the results of Reig et al. (2000).
Their model requires a two-component corona: an inner hot and
optically thick component and an outer cooler and optically thinner
component. The corona up-scatters seed photons from an accretion
disc that is truncated at an inner radius rin. To explain the dependence
of the QPO lags upon QPO frequency, Nobili et al. (2000) assume
that at high QPO frequencies (> 2 Hz) the disc is truncated at small
radii (∼ 6 Rg) while the inner corona is so optically thick (τ > 100)
that, with a moderate temperature of ∼ 15 keV, the corona is able to
up-scatter all the soft disc photons up to ∼ 15 keV. The hard photons
will then suffer down-scatterings in the outer cooler and optically
thinner component that will eventually result in a soft lag. On the
contrary, at lower QPO frequencies (< 2 Hz), the disc is assumed
to be truncated at larger radii, and the inner corona is assumed to
6 Same as described in Ingram et al. (2009), here we assumed that the
scale-height h/r = 0.2 and the index of the surface density ζ = 0 in the
calculation.
become optically thinner, thus the soft photons from the disc will
only experience Compton up-scattering and the lags will be hard. In
this model, the change in lag sign is due to the change of the inner
disc radius and the optical depth of the corona.
GRS 1915+105 is one of the sources showing QPO frequency
shifts,∆ν0, between energy bands. These shifts reach up to∼ 0.5Hz
when the QPO is at 5 Hz, comparing the QPO frequency between
the 2 − 5 keV and 13 − 18 keV bands (Qu et al. 2010). The energy
dependence of the QPO frequency in GRS 1915+105 has been stud-
ied by Qu et al. (2010) and Yan et al. (2012). They found that when
the QPO frequency is below 2 Hz, the QPO frequency decreases
with energy (negative ∆ν0) whereas, when the QPO frequency is
above 2 Hz, the QPO frequency increases with energy (positive
∆ν0). Interestingly, the frequency where ∆ν0 changes sign is con-
sistent with that at which the QPO average lags also change sign. To
explain the change in the sign of both the lags and ∆ν0, van den Ei-
jnden et al. (2016) proposed a differential precession model. In their
model, they assume that the QPO is caused by Lense-Thirring (LT)
precession of the inner flow (Ingram et al. 2009); the inner flow is
inhomogeneous, but consists of two separate halves which precess
at different frequencies, with the inner half always precessing faster
and hence producing a higher QPO frequency, as expected from
LT precession. When the QPO frequency is above 2 Hz, the inner
half spectrum is harder than the outer half, thus a QPO frequency
that increases with energy is expected; when the QPO frequency is
below 2 Hz, the spectral shape of the two halves switches so that
the inner half has a softer spectrum than the outer half, thus the
QPO frequency decreases with energy. Since the outer half will lag
behind the inner half on average, soft lags will be observed when
the inner half spectrum is harder, and vice versa. The main obstacle
to this scenario is that no clear observational evidence exists for
the required spectral change. Several possible scenarios to try and
explain this contradiction have been discussed by van den Eijnden
et al. (2016).
Alternatively, the hard and soft QPO lags could originate from
two completely different physicalmechanisms. InGX339−4, Zhang
et al. (2017) found that the evolution of the lags of the type-C QPO
with QPO frequency is similar to that of the reflected flux: both the
QPO lags and the reflected flux increase first with QPO frequency,
and then turn to flat when the QPO frequency is ∼ 1.7 Hz. Zhang
et al. (2017) found clear reflection features in the lag-energy spectra
when the QPO frequency is above ∼ 1.7 Hz, suggesting that the
reflection component contributes significantly to these lags. The
absence of such features when the QPO freqeuncy is ∼ 1.7 Hz
provides evidence that in GX 339−4, at QPO frequencies below
∼ 1.7 Hz, the QPO lags may be dominated by another mechanism.
In GX 339−4, a dip-like feature at the QPO fundamental is only
observed (Zhang et al. 2017) in the lag-frequency spectra when the
reflected flux is high at QPO frequencies above∼ 1.7Hz, suggesting
that this feature may be related to the reflection process. Kotov
et al. (2001) also found that the reflection component might have
a suppressing effect on the observed lags that cause such features.
Similar to GX 339−4, here we find a dip-like feature in the lag-
frequency spectrum at the frequency of the QPO fundamental when
the QPO frequency is above 2 Hz in GRS 1915+105. However,
when the QPO frequency is below 2 Hz, no such dip-like feature is
found; instead, in some cases, when the QPO frequency is below 0.5
Hz, a peak-like feature is observed in the lag-frequency spectrum
at the frequency of the QPO fundamental. If the dip-like feature is
indeed due to reflection, we would expect that the QPO lags below
and above 2 Hz might originate from two different mechanisms.
In Fig. 8, we showed that the relation between the QPO frac-
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tional rms and the QPO average lags can be well fitted with a broken
line: as the QPO average lags go from negative to positive, the QPO
fractional rms first increases, reaching its maximum at zero lag,
and then decreases. A possible explanation is that when the average
phase lag between two broad bands at the QPO frequency is zero,
the full-band light curve at that frequency would be the superposi-
tion of the two broad-band light curves in phase, yielding a large
QPO rms. On the contrary, if the average phase lag is non-zero, the
full-band light curve at the QPO frequency would be the superposi-
tion of the two broad-band light curves at different phases, yielding
a smaller QPO rms. The fractional rms amplitude of a signal that
is the superposition of two sinusoidal functions with the same am-
plitude A shifted by a phase φ is rms ∼ A√cosφ + 1. If φ = 0,
then rms(φ = 0) ∼ √2A. Therefore, the rms will be suppressed
by a factor
√(cosφ + 1)/2 due to a non-zero lag between different
energy bands. For lags of less than 0.4 rad as observed here, the
effect on the rms is less than 3% of the value of the QPO amplitude,
whereas, we found that the changes are ∼ 70%. This suggests that
this mechanism is not responsible for the rms variations.
4.2 Sub/second-harmonic Lags
We found that the phase-lag behaviour of the subharmonic of the
type-C QPO in GRS 1915+105 is quite similar to that of the QPO
fundamental, with the subharmonic average lags decreasing with
subharmonic frequency and change sign when the subharmonic
frequency is around 1 Hz. The frequency at which the subharmonic
average lags change sign is consistent with being half of the fre-
quency at which the QPO fundamental average lags change sign.
Previous work on other BHBs found both hard and soft subhar-
monic lags (e.g. Casella et al. 2005; van den Eijnden et al. 2017).
The subharmonic lags also show differences between high- and low-
inclination sources, although the dependence upon the inclination
is weaker than that of the QPO fundamental lags (van den Eijnden
et al. 2017). The similar phase-lag behaviour between the funda-
mental and subharmonic of the type-C QPO suggests that these two
QPO components may be produced by the same mechanism.
On the contrary, the phase-lag behaviour of the second-
harmonic of the type-C QPOs in GRS 1915+105 is completely
different than that of the QPO fundamental and subharmonic. The
second harmonic of the QPO only shows hard lags that remain
more or less constant as a function of the second-harmonic fre-
quency, without changing sign at any particular frequency. This
suggests that the second-harmonic lags may originate from a differ-
ent mechanism (or region) than the lags of the QPO fundamental
and subharmonic. Using frequency-resolved spectroscopy, Axels-
son & Done (2016) found that the energy spectrum of the second
harmonic of the type-C QPO in GX 339−4 is softer than the energy
spectrum at the QPO fundamental, and the time-averaged spectrum.
Axelsson & Done (2016) suggest that the Comptonization region
that produces the QPO is inhomogeneous, whereas the second har-
monic comes from the outer part of the flow, which would have a
softer spectrum. An alternative interpretation was proposed by van
den Eijnden et al. (2017): the precessing inner flow irridating the
disc on both the front and the back sides could produce the sec-
ond harmonic. In this scenario, the lag is produced by the red- and
blueshifting of the reflected harmonic.
4.3 Slope of the Lag-energy Spectrum
The relation between the QPO lags and photon energy for the type-C
QPOs in GRS 1915+105 can be well fitted by a log-linear function,
as previously reported (Reig et al. 2000; Qu et al. 2010; Pahari
et al. 2013). Such an energy dependence of the lags at the QPO
frequency has also been found in other BHBs (Wijnands et al. 1999;
Zhang et al. 2017; van den Eijnden et al. 2017). Here we found
that the same energy dependence also holds for the subharmonic
and second harmonic of the type-C QPOs in GRS 1915+105. In
addition, we found that the slope of the lag-energy spectrum at the
QPO frequency versus QPO frequency follows the same trend as the
QPO average lags versus QPO frequency; this is also the case for the
subharmonic and second harmonic of the QPO. In other words, the
change of the average phase lags reflect a change of the lag-energy
spectrum.
For the fundamental and subharmonic of the type-C QPO in
GRS 1915+105, as their average phase lags decrease and change
sign frompositive to negative, the slope of their lag-energy spectrum
also decreases and changes sign at the same frequency. This pro-
vides evidence that the lag-energy spectrum simply pivots around an
energy. Although the second harmonic shows a very different phase-
lag behaviour, the average phase lags and the lag-energy spectrum
slope of the second harmonic of the QPO follow the same trend.
This indicates that the lag-energy spectrum drives the average lags
of the QPO, and that this is the case for the QPO fundamental and
both its subharmonic and second harmonic.
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